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Electron backscatter diffraction (EBSD)In this work, electron backscatter diffraction (EBSD) was applied for microstructural characterization of
the advanced Ti-5.7Al-3.8Mo-1.2Zr-1.3Sn alloy subjected to equalchannel angular pressing (ECAP). It was
found that the spheroidization process induced by ECAP was governed by the conventional boundary-
splitting mechanism. The nearly-Burgers orientation relationship between the spheroidized a- and b-
phases was revealed. This intriguing result can be attributed to the very high cooperation in slip activity
between the phases.
 2021 Elsevier B.V. All rights reserved.1. Introduction
Ti-5.7Al-3.8Mo-1.2Zr-1.3Sn alloy is an advanced material,
which has been developed recently as a substitute for Ti-6Al-4V
in high-temperature applications [1]. Due to the relatively high
fraction of b-phase and precipitation of intermetallic dispersoids,
this alloy demonstrates an excellent thermal stability at the tem-
peratures up to ~450–500 C. Therefore, the application of this
material instead of Ti-6Al-4V will enhance performance of the
engine compressor [2]. For industrial application of this material,
however, a comprehensive examination of its mechanical proper-
ties and microstructural behavior are necessary. At the present
time, however, the studies in this area are limited to a few exam-
ples [3–6].
In our previous study [3], equal-channel angular pressing
(ECAP) has been applied for the first time for grain refinement of
the new alloy. This approach was found to be very effective for pro-
duction of the ultrafine-grained structure with the mean grain size
of ~0.5 lm. Attempting to provide deeper insight into the
microstructural behavior of the new alloy during ECAP, electron
backscatter diffraction (EBSD) was applied in the present work.2. Material and methods
The initial material was provided by VSMPO-AVISMA Corpora-
tion (Russia) and supplied as a hot extruded bar. The b transus
temperature of this alloy was measured to be 980 C. Prior to ECAP,
the received alloy underwent a two-stage heat-treatment, which
involved a quenching in water from 940 C, and subsequent
annealing at 700 C for 1 h followed by air cooling. From the
heat-treated material, the billets of 20 mm in diameter and
150 mm in length were machined, and subjected to 4 ECAP passes
using BC route. The details of the ECAP procedure have been
described in the previous work [3]. Briefly, ECAP was conducted
at a speed of 4 mm/s using a die with a 120 round channel. The
total accumulated true strain was evaluated to be 2.8. To provide
high-temperature deformation conditions, the working billets
were held at 750 C for 30 min before each pass; moreover, the
die was heated to 550 C in order to minimize material cooling
during ECAP. Following the final ECAP pass, the processed material
was quenched in water.
Microstructural observations were performed primarily by
EBSD but also involved both scanning (SEM) and transmission elec-
tron microscopy (TEM). The details of SEM and TEM experiments
have been described elsewhere [3]. EBSD specimens were prepared
using conventional metallographic techniques followed by 24-h
vibratory polishing with colloidal silica suspension. EBSD was con-
ducted with a Hitachi S-4300SE field emission gun scanning elec-
tron microscope operated at 25 kV and equipped with a TSL
Fig. 1. Typical SEM images (a, c) and TEMmicrographs (b, d) showing microstructure of the heat-treated material (a, b) and that after 4 ECAP passes (c, d). In the micrographs,
ap, a, and b denote primary a-phase, secondary a-phase, and b-phase, respectively. In (c), high-magnification insert in the top left corner shows spheroidization of b-phase.
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reliability of EBSD data, the grains comprising 3 or fewer pixels
were automatically removed from EBSD using the standard
grain-dilation option. A 15 tolerance was applied to differentiate
low-angle boundaries (LABs) from high-angle boundaries (HABs).3. Results and discussion
3.1. Microstructure morphology and grain size
The initial microstructure is shown in Fig. 1a and b. The applied
heat treatment resulted in the formation of a duplex microstruc-
ture dominated by relatively fine transformed b-grains with a com-
paratively small fraction (~20%) of primary a-phase (Fig. 1a). As
expected, the transformed b-microstructure was comprised of rel-
atively fine (0.12 lm in width) a- and b-lamellae (Fig. 1b).
ECAP led to the essential fragmentation of a lamellar
microstructure (Fig. 1c and d). Moreover, the fragmented a- and
b-lamellae took a nearly-equiaxed shape and grew up
to ~ 0.5 lm (Fig. 1d), which points to an activation of the
spheroidization process. Remarkably, both a- and b-phases had a
relatively high dislocation density (Fig. 1d). At the same time, the
primary a-phase underwent no substantial changes (Fig. 1c).
EBSD phase map taken from the ECAP-processed material is
shown in Fig. 2a. The grain size distribution derived from the EBSD
data is shown in Fig. 2b. The specific character of the grain-size dis-
tribution in the a-phase which contained a sharp peak near 6 lm
and a broad maximum centered near 3 lm1 indicated a formation
of the bimodal grain structure. Remarkably, the fine a-grains were
preferentially concentrated near b-particles (Fig. 2a). Hence, it can
be inferred that a grain refinement in the a-phase took place mainly
within the lamellar microstructure. On the other hand, the primary1 The apparent discrepancy in grain size measurements between EBSD and TEM
was associated with the formation of the developed LAB structure within both phases,
as shown in Section 3.2. Specifically, the structural elements revealed by TEM in
Fig. 1d likely represented subgrains.
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a-phase appeared to be relatively stable against the strain. The rela-
tively high grain-refinement rate revealed in the lamellar
microstructure is thought to be related with the influence of the b-
phase. To provide strain compatibility of the adjoining a and b-
phases, a high density of the geometrically-necessary dislocations
was presumably generated which enhanced the microstructure
transformation process.3.2. Misorientation distribution
In order to get an additional insight into microstructural pro-
cesses, misorientation distributions were examined. To investigate
this matter more thoroughly, distributions of each microstructural
component were measured, including both fine-grained and
coarse-grained a-phase, and b-phase, as shown in Fig. 2c–e,
respectively.
A relatively large proportion of LABs fraction in fine-grained a-
and b-phases (Fig. 2c and e) agrees well with rather high disloca-
tion density revealed in these microstructural components by
TEM (Fig. 1d). Eventually, these observations imply that a
spheroidization process mainly resulted from the formation of
deformation-induced boundaries, i.e. it was predominantly gov-
erned by a conventional boundary-splitting mechanism [7]. The
details of this process are not clear, however, and require further
study.
At the same time, an extremely high fraction of LABs in a
coarse-grained a-phase (Fig. 2d) indicated that this microstruc-
tural component experienced a substantial plastic strain. The pres-
ence of transient misorientations in the spectrum (i.e., 10–20)
evidenced the LAB-to-HAB transformation to occur. This virtually
implied the activation of the continuous recrystallization mecha-
nism. However, the intensity of this process in the primary a
was surprisingly low. Hence, it can be suggested that the material
flow during ECAP was preferentially concentrated in the trans-
formed fine-grained material whereas the coarse-grained primary
a experienced only an accommodation strain.
Fig. 2. EBSD examination of the material after 4 ECAP passes: (a) a selected portiont of EBSD phase map, (b) grain-size distributions. Misorientation distributions measured in
different microstructural constituents: (c) fine-grained a, (d) coarse-grained a, (e) b-phase. In (a), the phase color code is shown in the top right corner; LABs and HABs are
denoted as white and black lines, respectively; LD, ND and TD are longitudinal direction, normal direction, and transverse direction, respectively. In (c-e), the inserts in the top
right corners show misorientation-axis distributions.
Fig. 3. Pole figures showing preferential crystallographic orientations of different microstructural components in the material after 4 ECAP passes: (a) b-phase, (b) fine-
grained a, and (c) coarse-grained a. SD and SPN denote shear direction and shear plane normal, respectively.
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To examine slip activity during ECAP, orientation data were
derived from the EBSD map, arranged as pole figures and summa-
rized in Fig. 3. It is important to emphasize, that the measured pole
figures were appropriately rotated in order to align their reference3
frame with the presumed geometry of simple shear during ECAP,
as discussed by Li [8]. For simplicity, some ideal simple-shear ori-
entations were superimposed on the pole figures.
One of the most striking observations was a close similarity
between b-phase and fine-grained a-phase texture patterns (com-
pare Fig. 3a and b). This result can be explained by the ‘‘global”
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f110gb==f0001ga and < 111>b== < 112

0>a.
Considering the relatively low deformation temperature
(750 C), no essential b ! a phase transformation was expected
to occur during material cooling, and therefore the observed effect
cannot be attributed to a transformation texture. If so, this phe-
nomenon appears to imply a very close cooperation in slip activity
within a-and b-phases during ECAP.
In b-phase, the texture was dominated by the D2f112

g < 111 >
simple shear orientation (Fig. 3a), which presumably implied the
prevalence of {112} slip during ECAP. The fine-grained a-phase





110 > component, P-fiber
fhkilg < 112

0 >, B-fiber f0001g < uvtw >, and C-fiber (Fig. 3b).
According to Li [8], the formation of this texture is attributable to
the combined effect of the prism-, basal-, and pyramidal < c + a > slip
modes. It is particularly remarkable, that nearly the same texture
was also found in a coarse-grained a-phase (compare Fig. 3c and
b). This slip activity is thought to be associated with relatively high
deformation temperature.
4. Conclusions
It was suggested, that the spheroidization process is governed
by the conventional boundary-splitting mechanism. On the
other hand, the evolution of a primary a-phase was found to
be driven by a continuous recrystallization.
Surprisingly, a nearly-Burgers orientation relationship between
the spheroidized a-and b-phases was found. This unusual result
was attributed to the very close cooperation in slip activity
within the a-and b-phases.
Texture analysis showed the prevalence of {112} slip in the b-
phase. In the a-phase, material flow resulted from the com-
bined effect of the prism-, basal- and pyramidal < c + a > slip
modes.
Despite the present study having provided a useful insight into
microstructural evolution of the new alloy during ECAP, the key
mechanisms of this process are still unclear and warrants fur-
ther study.4
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